Melanoma is a human skin malignant tumor with high invasion and poor prognosis. e limited understanding of genomic alterations in melanomas in China impedes the diagnosis and therapeutic strategy selection. We conducted comprehensive genomic profiling of melanomas from 39 primary and metastatic formalin-fixed paraffin-embedded (FFPE) samples from 27 patients in China based on an NGS panel of 223 genes. No significant difference in gene alterations was found between primary and metastasis melanomas. e status of germline mutation, CNV, and somatic mutation in our cohort was quite different from that reported in Western populations. We further delineated the mutation patterns of 4 molecular subgroups (BRAF, RAS, NF1, and Triple-WT) of melanoma in our cohort. BRAF mutations were more frequently identified in melanomas without chromic sun-induced damage (non-CSD), while RAS mutations were more likely observed in acral melanomas. NF1 and Triple-WT subgroups were unbiased between melanomas arising in non-CSD and acral skin. BRAF, RAS, and NF1 mutations were significantly associated with lymph node metastasis or presence of ulceration, implying that these cancer driver genes were independent prognostic factors. In summary, our results suggest that mutational profiles of malignant melanomas in China are significantly different from Western countries, and both gene mutation and amplification play an important role in the development and progression of melanomas.
Introduction
Melanoma is a type of malignant tumor that typically occurs in the human skin with high invasion, high metastasis, and poor prognosis [1] . For melanomas at early stages, surgical resection of primary melanoma can give curative effects for patients. But in cases of distant metastatic melanomas, a really poor prognosis is shown and the 5-year survival rate is less than 5% [2] . Furthermore, it is largely refractory to the standard conventional chemotherapy with a low response rate and considerable toxicities [1] .
erefore, understanding the molecular pathogenesis of melanoma is of great significance for early diagnosis and appropriate treatment of these melanoma patients.
About 70% of melanoma patients in the Asian population are diagnosed as acral and mucosal type [3] , compared with 5% in European and American populations [4] , of which cutaneous melanoma is the major subtype. e difference in subtypes might indicate a discrepancy of major genetic variation patterns between Asian and Caucasian melanoma patients and could direct to different therapeutic treatments. For example, while BRAF gene mutation is one of the most frequently mutated genes in European and American populations (above 40%) [5, 6] , only about 25% of Asian patients harbored BRAF alterations [7] . e disparities in subtypes also have been associated with several melanoma predisposition genes. Approximately 10% of cutaneous melanoma cases occur with a strong family history [8] . About 45% of melanomas have been attributed to germline mutation of predisposition gene CDKN2A [9] , and 2-3% melanomas mutated in gene CDK4 in European and American populations [10] . However, acral melanoma has not been related to the melanoma predisposition gene [11] . Oncogenomic studies indicate that somatic CNV of some genes is involved in melanoma progressions, such as mutated gene amplifications in CCND1, CDK4, and TERT [6, [12] [13] [14] , of which the CNV status also has been reported in Chinese melanomas [14, 15] . Accurate classification of the spectra of mutational changes in melanoma may facilitate the development of disease-associated biomarkers.
e Cancer Genome Atlas [16] , based on the NGS data of 318 cutaneous melanoma samples, classified melanomas into 4 distinct subgroups: BRAF mut , RAS mut , NF1 mut , and Triple-WT (lack of mutations in all three genes), which is currently being used in clinical practice. Studies have revealed that the RAS/RAF/ MEK/ERK signaling pathway plays a critical role in melanoma development, of which ERK is activated in up to 90% of melanomas [17] . In melanoma, ERK activation is most commonly due to the mutations of BRAF, followed by RAS, NF1, and other genes [18] . In the Triple-WT subtype, alterations in genes such as KIT, FDGFRA, KDR, GNAQ, and GNA11 play an important role in melanoma carcinogenesis [2, 16, 18, 19] .
e mutated or amplified genes of KIT, FDGFRA, and KDR, encoding a receptor tyrosine kinase (RTK) of the cell membrane, may activate the downstream signaling pathways in both ERK and PI3K.
e vast majority of reports about melanoma mainly come from Western countries. Relatively less of the mutation spectra are known for melanoma in Asian, and especially in China. erefore, we conducted a genetic analysis of malignant melanomas from patients in China to determine the genomic landscape of this tumor.
Materials and Methods

Patients and Samples.
A total of 39 formalin-fixed, paraffin-embedded (FFPE) samples including 22 primary tumors and 17 metastatic tumors were collected from 27 malignant melanoma patients in Hunan Cancer Hospital during 2016-2018. At the first diagnosis, 15 of our cohort were acral melanomas situated on palms (1 patient) and soles (14 patients), 11 were cutaneous melanomas without chronic sun-induced damage (non-CSD), and 1 patient missed pathological information. Clinicopathological information was presented in Table 1 . Peripheral blood or normal tissue sample was collected from 27 cases as control. e present study was approved by the Ethics Committee of Hunan Cancer Hospital. All patients enrolled in this study provided written consent. were assembled and aligned to reference data by the Burrow-Wheeler Aligner algorithm (https://github.com/ lh3/bwa; version 0.7.12-r1039; December 2015). Unique reads derived from the GATK were used for variant calling.
DNA Extraction from FFPE
e minimum confidence threshold for variant and insertion/deletion (indel) calling was set to 0.05 (5%). e Integrative Genomics Viewer (version 2.3.94, Broad Institute) was used for visualization and confirmation of specific SNC/indel loci. Germline mutations were defined as follows: mutations found in both tumor and control DNA and/or mutations with a relatively high mutant allele frequency (MAF > 20%) and unconfirmed as somatic mutation in COSMIC (Catalogue Of Somatic Mutations In Cancer) database. Other mutations identified in our cohort were defined as somatic alterations. Additionally, statistical analysis and graphing were conducted using SPSS v19.0 and GraphPad prism 5. Significance was assumed for a p value of less than 0.05.
Results
Genetic Profiling of Melanoma Patients.
We analyzed the gene variations of 39 melanomas from 27 patients. For all the NGS data in our study, the median uniformity was 98.66% (87.63%-99.85%) and most of the target coverages were over 1000x. Totally, 139 germline mutations in the 27 patients, 104 somatic variants, and 57 copy number variants in 39 tumors were revealed ( Figure 1 , Supplementary data). No gene rearrangement was found. No difference in the germline, somatic alterations, or CNV was revealed between primary and metastasis melanomas. For each patient, the number of germline mutations ranged from 7 to 17 with a median of 11. e number of somatic mutations in most melanomas ranged from 0 to 9 except one sample with 14 variations. e specimen with most mutations harbored a gene alteration (T230M) in the SEMA domain of the MET gene, which mutated only in this melanoma. Besides, all the 14 variations observed in this sample were the unique mutations and not found in other samples.
Germline Mutation.
FAN1 was the most common germline mutation gene in our cohort, of which 27 variations were found, followed by the genes EGFR, ERBB2, and MSH3, which were found mutated 20 times in melanomas of our study. For the mutations with a frequency above 50%, FAN1 G233E was observed in 25 samples, EGFR R521K in 20 samples, TP53 P72R in 19 samples, and ERBB2 P1140A in 15 samples. However, only one or no mutation was identified in the melanoma-susceptibility genes like CDKN2A and CDK4.
Somatic Mutation.
e top gene variations were BRAF V600E (20.5%), NRAS Q61R (12.8%), RAD50 L580X (12.8%), TERT promoter (12.8%), and MSH6 T1085X (10.3%). More mutations were observed in tumors from female patients (p < 0.001).
All the melanomas were classed into 4 group (BRAF, RAS, NF1, and Triple-WT) based on their major cancer driver genes. e number of the mutated gene BRAF was found in 12 melanomas from 8 patients. One tumor was identified as a KRAS (G12R) co-mutation with BRAF (L567V). Considering that this hotspot of KRAS has more clinical significance than that of the rare mutation in BRAF based on the knowledge at present, this melanoma was classed into the RAS group (Figure 1) . So, there were 11 BRAF melanomas (11/39, 28.2%, 6 primary lesions; 5 metastatic lesions) from 8 patients. RAS gene mutated in 7 melanomas (7/39, 17.9%, 4 primary lesions; 3 metastatic lesions) from 5 patients. NF1 variants were observed in 4 samples (4/39, 10.3%, 3 primary lesions; 1 metastatic lesion) from 3 patients. We defined the Triple-WT subtype in 17 samples (17/39, 43.6%, 9 primary lesions; 8 metastatic lesions) from 13 patients (stage II: 3, stage III: 8, stage IV: 1, unknown: 1), within which KIT (4/17, 23.5%) took the most frequency among all these mutated genes. However, no mutation was detected in the other reported putative driver genes (FDGFRA, KDR, GNAQ, and GNA11) of the Triple-WT subgroup.
Copy Number Variation.
In our study, CCND1 (13/39, 33.3%), MYC (9/39, 23.1%), and TERT (8/39, 20.5%) were the most common genes with CNV amplifications. For the tumor-associated genes ERBB2 and CDK4, amplifications (In one case listed in BRAF subtype, primary melanoma has a BRAF V600E whereas no mutation of BRAF/RAS/NF1 was detected in the paired metastasis melanoma; one case listed in RAS subtype harbored co-mutation of KRAS G12R and BRAF L567V.) e total counts of germline mutation, the matrix of somatic mutation, and CNV gain are indicated (middle and bottom). Mutations in different types of melanoma specimens (primary or metastasis) are shown with different fillings. Frequencies (left) and numbers (right) of gene mutation in our cohort are listed.
were, respectively, found in 6 (15.4%) tumor samples of our cohort. More CNV amplifications were detected in the non-CSD melanomas compared with those in acral melanomas (Table 1, p � 0.004). No statistical correlations with gender, TNM, and lymph node status were found in our study (Table 1) .
Distribution of Melanomas with Different Cancer Driver
Genes. All the 11 samples in the BRAF group were observed in non-CSD cutaneous melanomas (11/18, 61%). One sample classified in the RAS group with BRAF mutation was observed in acral melanoma (1/20, 5%). Besides, all the patients with BRAF melanoma were found with lymph node metastasis (red dots in Figure 2 ).
All the 7 samples with RAS mutation were observed in acral melanoma (7/20, 35%) . Patients with lymph node metastasis and/or ulceration had 6 RAS mutations, which was more than those without lymph node metastasis or ulceration (only one RAS mutation) (yellow dots in Figure 2 ).
All the NF1 mutations were observed in patients with ulceration (p � 0.008, black dots in Figure 2 ). No interaction was revealed between Triple-WT mutations with tumor location, lymph node metastasis, and ulceration (blue dots in Figure 2 except one without pathological information).
Discussion
In the current study, we performed NGS sequencing with a multiple-gene panel to investigate the comprehensive molecular characterization of 39 melanoma tumors from 27 patients and evaluate the clinical correlations of gene status. Alterations in the detected genes showed no difference in the primary and metastatic lesions.
ose mutations may be defined as a driver mutation in cancer tissues, which tend to be stable in metastases during the malignant process to maintain malignant phenotype as reported in literature [20, 21] .
We analyzed the germline alterations in the DNA from melanoma patients to investigate if it contained known cancer-susceptibility gene mutations. However, few mutations were identified in the reported melanoma-susceptibility genes CDKN2A and CDK4. Germline mutations in the gene CDKN2A have been found in about 40% melanoma families and CDK4 alterations in 2-3% families [10] . It was reported [22] that acral melanoma is not associated with known melanoma-susceptibility genes like cutaneous melanoma. In our cohort, more than half the individuals were acral melanoma so that genetic variation patterns and family histories were quite different from Western countries in which acral melanoma was the rare subtype [4] .
One primary melanoma was revealed with relative more somatic mutations than others. Much higher mutation burdens were discovered in many cancer types, such as melanoma [16, 23] , colorectal cancer [24] , lung cancer [25] , and endometrial cancer [26] . A pathogenic gene alteration T230M was identified in the SEMA domain of the METgene, which was reported in a sample of head and neck squamous cell carcinoma [27] . Previous reports suggest that mutations in the SEMA domain could activate the MET signal [27] , which will promote tumor progress and more gene alterations.
In our study, CCND1, CDK4, and TERT showed a relatively high CNV gain frequencies, which was in agreement with the other cohort in published papers [6, [12] [13] [14] . Besides, the MYC gene was observed with CNV gains in more than 1/5 melanoma patients, which was not be reported before, implying a unique CNV status in Chinese melanomas. Previous studies indicated that cutaneous melanomas harbored the highest mutation burden due to DNA damage from UV radiation, and acral melanomas have a lower mutational load in Western countries [28] . However, similar somatic mutation frequencies were found in the acral and cutaneous melanoma cohort, which could explain that people of color consisting of Chinese mostly are less likely to be influenced by sunlight exposure [29] compared to the Caucasians in the West. Meanwhile, CNV amplifications of acral melanoma were significantly fewer than those of cutaneous melanoma, which seemed to suggest that the sunlight exposure affects the CNV rather than the mutations of Chinese melanomas. In our study, the incidence rate of somatic mutation of females was higher than that of males. In contrast, it has been reported that the incidence rate of mutation of females was lower than that of males for Caucasians in Western countries [30] . Ambient UV index appears to be associated with melanoma incidence in males but females in the US white population, due to the use of cosmetics and/or sunscreen in women against UV radiation [31] . Gender differences in somatic mutation showed different results in Chinese melanomas compared to Caucasians, which may be associated with the difference in the subtype of melanoma and lack of awareness of the skincare of Chinese women [32] . We divided our cohort into 4 subgroups based on the TCGA classification of melanoma [16] . As a previous study reported [33] , the Triple-WT subgroup has the highest mutation rate in comparison to the BRAF mut , RAS mut , and NF1 mut subtypes. Within the Triple-WT group, KIT took the most frequent mutations and assumed to be an important oncogene like other studies [33, 34] . No other mutation was detected in the reported putative driver genes (KDR, GNAQ, and GNA11) in Western countries [18] . e NF1 subgroup has the lowest rate (10.3%) in our series, which were in accordance with those (9.1-14%) in the reported studies [33, 35] .
e somatic mutations of the NF1 gene in the patients with ulceration were significantly higher than those in the patients without ulceration. Ulceration has been described to be an independent factor for poor prognosis in melanoma patients [36] . All of the melanomas in BRAF subtypes were observed in non-CSD cutaneous melanomas, which confirmed the conclusion of previous studies that highly prevalent of BRAF changes melanomas on skin intermittently exposure to ultraviolet (UV) irradiation, while BRAF mutations are rare on other skins including acral skin [6, 34, 37] . e frequency of BRAF mutations (61.1%) in non-CSD cutaneous melanomas was similar to those described in other publications as 55.2-66.7% in non-CSD [6, 33, 35, 37] . However, only one acral melanoma (5%) was observed in a non-V600E BRAF mutation, which was less than that (8.9-30%) in other cohorts [6, 33, 35, 37] . e less frequency of BRAF mutation may be associated with the arising sites of the acral melanomas. All the acral melanomas in our study were situated on palms and soles, on which lower frequency of BRAF mutations was demonstrated than that on dorsal acral sites [6, 35] . It is worth noting that the significance of BRAF mutation in melanomas is still a controversial issue. On the one hand, BRAF mutations were identified in about 80% benign naevi of various histological types [38] , implying a critical role in the initiation of melanoma. On the other hand, BRAF mutations were found more common in melanomas with advanced stages like vertical growth phase, lymph node metastasis, or ulceration [7, 39, 40] , suggesting that BRAF mutations correlated more with melanoma progression. All BRAF variants in our study were identified in patients with lymph node metastasis, which support the later statement that BRAF is important in progression rather than initiation of the melanoma. Unlike BRAF, all RAS mutations have been identified in acral melanomas. A relative low frequency of RAS mutations in non-CSD melanoma was reported in other Asian studies [33, 40] as well (2.0% in mainland China, and 5% in Taiwan island). Meanwhile, a higher frequency (22%) of RAS mutations in non-CSD melanoma was reported in a study based on patients worldwide [6] .
ese differences of genetic variation patterns may be associated with the differences in subtypes and ethnicities of melanoma. In the acral melanomas, RAS mutated more frequently in our cohort (35%) than 8.8-28% reported previously [6, 33, 35, 40] . As mentioned above, the palms and soles sites of the melanoma may contribute to the higher frequency, as higher frequencies of NRAS mutations were found in melanomas on the palms and soles rather than on the dorsal acral sites [6, 35] . Similar to NF1 and/or BRAF subtypes, patients with lymph node metastasis and/or ulceration had more RAS mutations than those without lymph node metastasis or ulceration. Based on the correlations between the driver gene (NF1, BRAF, and RAS) alterations and clinical characterizations (ulceration, lymph node metastasis), patients harboring more mutations were prone to poor prognosis.
Conclusion
In summary, mutational profiles of malignant melanomas in China are significantly different from Western countries. Lymph node metastasis and presence of ulceration were significantly associated with genetic alteration burdens. Our future studies will focus on clarifying the pathogenesis of melanoma and understanding the correlations of gene status with clinicopathologic characteristics in the Chinese population.
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